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Method and Apparatus for Sampling CMOS Image Sensors 

FIELD OF THE INVENTION 



The present invention relates to the field of image sensor circuits. In 
particular, the present invention relates to a method and apparatus for sampling pixel 
signal levels in a CMOS image sensor. 

BACKGROUND OF THE INVENTION 

Semiconductor image sensing devices are finding widespread application 
with the increased use of digital still cameras and digital video cameras. Charge coupled 
device (CCD) technology has hitherto dominated the market for such imagers. The 
present CCD imagers have a number of good features including high image quality and 
low noise characteristics; however, there are also several limitations which are inherent to 
CCD's. The specialized process utilized to produce CCD imagers is not well suited to 
forming driving and processing circuitry used in conjunction with the CCD image 
sensing array. Thus, it is necessary to implement those functions on secondary integrated 
circuit chips, which increases the complexity and cost of the CCD imaging system. The 
sensitive clocking requirements of CCD's adds further complexity and results in 
relatively high power consumption for CCD imaging systems. 
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An alternative to CCD imaging which is gaining popularity involves 
forming image sensors using complementary metal-oxide silicon (CMOS) processing. 
CMOS image sensors are advantageous in that the CMOS process allows for the 
inclusion of circuits for image processing and the like, allowing a high level of product 
integration to enable virtually all electronic camera functions to be integrated on a single 
chip. Image sensors manufactured in CMOS can also be made relatively inexpensively 
and facilitate significant power savings compared to CCD sensors. These are particularly 
important issues for portable consumer applications. 

There have been some difficulties with CMOS image sensors relating to 
the image quality that can be obtained, and one source of the quality difficulties arises 
from the way in which pixel signal values are sampled in the imaging circuit. One form 
of CMOS image sensing involves pre-charging a circuit node with a reference voltage, 
exposing the node to image forming light to allow charge to leak from the node through 
light-induced leakage current for a predetermined period, and measuring the difference in 
voltage level at the node caused by the light exposure. The image sensing therefore 
requires sampling of the node voltage before and after exposure to light to determine the 
voltage level difference. Known sampling circuits to accomplish that end have some 
drawbacks arising from non-linearity in the sampling circuitry and limitations of the 
CMOS components which can result in, for example, fixed pattern noise (FPN). 
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SUMMARY OF THE INVENTION 

In accordance with the principles of the present invention, there is 
provided a sampling circuit for an image sensing circuit having a photosensitive element 
which develops a photo sensing node voltage according to incident light. The sampling 
circuit has an amplifier circuit to which the photo sensing node voltage is input, A 
sample and hold circuit is coupled to receive an output of the amplifier circuit, and a 
clamping circuit coupled to receive an output of the sample and hold circuit and produce 
an output signal representing a double correlated sample voltage difference at said photo 
sensing node. 

The image sensing circuit preferably includes a plurality of pixels each 
having a photo sensing node and arranged in a two dimensional array. The clamping 
circuit may be an auto-zero differential input amplifier which can be set to have a starting 
baseline of a known voltage level. The clamping circuit and sample and hold circuit 
control signals can be controlled so that the output of the clamping circuit changes in 
accordance with the voltage at the photo sensing node from the known baseline voltage 
level until the sample and hold circuit is switched to hold. By manipulating the sample 
and hold and clamping control signals the output of the clamping circuit can be controlled 
to represent only the change in voltage at the photo sensing node which results during 
exposure to light. 

In accordance with the present invention, there is also provided a method 
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for obtaining an output signal from a light sensing circuit wherein operation of the light 
sensing circuit includes a reset phase during which a photo sensing node of the light 
sensing circuit is charged to a reference voltage and an integration phase during which 
voltage at the photo sensing node is modified by a photocurrent according to incident 
light intensity, the method comprising: correlated double sampling of the photo sensing 
node voltage to obtain an output signal representative of a change in voltage at the photo 
sensing node over the time of said integration phase; and holding said output signal for 
processing; wherein the correlated double sampling comprises differencing the photo 
sensing node voltage from a first time instant occurring after completion of a said 
integration phase and before instigation of a subsequent said reset phase, to a second time 
instant occurring after completion of said subsequent reset phase. 

The present invention also provides an image sensor circuit having a two 
dimensional array of light sensitive pixel circuits, each pixel circuit comprising a 
photosensitive element and a reset switching element coupled to a light sensing node, a 
differential input transistor pair having a first input thereof coupled to said light sensing 
node, and an enable switching element coupled to selectively block output from the 
differential input transistor pair, the image sensing circuit further comprising sampling 
circuitry for producing output signals corresponding to light incident on each of the 
respective pixel circuits. 

The present invention also provides a sampling circuit for an image 
sensing circuit having a photosensitive element which develops a photo sensing node 
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voltage according to incident light, the sampling circuit comprising: a feedback loop 
amplifier circuit having said photo sensing node voltage as input; and a clamping circuit 
coupled to receive an output from the feedback loop amplifier circuit and produce an 
output signal representing a double correlated sample voltage difference at said photo 
sensing node. 

In the context of an image sensor circuit having an array of pixels 
including light sensing nodes at each of which a change in voltage can be imparted by 
exposure to a light source, the present invention further provides a method for obtaining 
output signals representing the voltage changes at the light sensing nodes in order to 
obtain image data, comprising: at each said pixel providing an amplifier circuit with an 
input driven by the voltage on the respective light sensing node to produce an amplifier 
output; providing a sample and hold circuit coupled to selectively receive the amplifier 
output of a said pixel amplifier circuit in the array, the sample and hold circuit being 
controlled by a SAMP control signal input and producing an output signal; providing a 
clamping circuit coupled to receive the sample and hold circuit output, the clamping 
circuit producing an output according to the received sample and hold signal input and a 
control signal CLAMP; and controlling the SAMP and CLAMP control signals to the 
sample and hold circuit and the clamping circuit respectively so as to perform correlated 
double sampling of the voltage at the respective light sensing node so as to obtain, a 
representation of the change of voltage thereat imparted substantially only by exposure to 
light. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



The invention is described in greater detail hereinafter, by way of example 
only, through description of a preferred embodiments thereof and with reference to the 
accompanying drawings in which: 

Figure 1 is a block diagram of an image sensing array; 

Figure 2 is a circuit diagram of a prior art CMOS image sensor pixel 
circuit and sampling circuitry; 

Figure 3 is a voltage graph diagram relating to operation of the circuit of 

Figure 2; 

Figure 4 is a functional circuit diagram of a preferred embodiment of the 
present invention; 

Figure 5 is waveform timing diagram relating to operation of the circuit of 

Figure 4; 

Figure 6 is a detailed circuit diagram of the preferred embodiment of the 
present invention; 

Figure 7 is a block diagram of a single-ended clamp circuit for use in 
another embodiment of the invention; 

Figure 8 is a schematic diagram of the single-ended clamp circuit of 

Figure 7; 

Figure 9 is a functional block diagram of a sampling circuit without 
sample and hold function; and 
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Figure 10 is a voltage waveform timing diagram relating to operation of 
an embodiment of the present invention with disabled sample and hold function. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

A method and apparatus for sampling pixel signal levels in a CMOS 
image sensor circuit is disclosed herein. In the following description, for purposes of 
explanation, specific nomenclature and specific implementation details are set forth to 
provide a thorough understanding of the present invention. However, it will be apparent 
to one skilled in the art that these specific details are not required in order to practice the 
present invention. For example, the present invention has been described with reference 
to N-Well process technologies. However, the same teachings can easily be applied to 
other types of process technologies. 

A CMOS Image Sensor Array 

Figure 1 is a block diagram of a circuit 100 having a typical two- 
dimensional CMOS image sensor array 160. Each element in the array 160 (such as 
array elements 161, 162, and 163) is an individual CMOS image sensor circuit. The 
individual CMOS image sensor circuits are also known as pixel circuits. 

The CMOS image sensor array 160 is controlled by row decoder 
110 and a column decoder 120. The row decoder 110 and column decoder 120 are 
operative to select a particular pixel circuit to be activated. The output of an activated 
CMOS image sensor circuit is carried down a column output line to a sense and hold 
circuitry 130. Each pixel column is provided with a separate sense and hold circuit, so 
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that each of the sense and hold circuits 130 senses the output voltage value of an 
activated CMOS image sensor circuit in a respective column. Finally, the sensed voltage 
value from a sense and hold circuit is converted into a digital value by an analog to 
digital converter 140. 

A CMOS image sensor array is similar to a Dynamic Random Access 
Memory (DRAM) array except that instead of individual memory cells that are set and 
later tested, a CMOS image sensor array has individual CMOS image sensor circuits that 
are set to an initial voltage value and then sampled after light exposure. Furthermore, a 
CMOS image sensor array differs from a DRAM array in that the output voltage is 
quantized by an analog to digital converter. This means that the output of a CMOS pixel 
circuit is an analog voltage which is used to determine a digital value of several bits in 
length (depending upon color/grayscale resolution) rather than the single bit represented 
by a DRAM cell. Accordingly, it is important that the analog values output from the 
CMOS image sensor pixel circuits be obtained and processed carefully to ensure 
consistency of performance over the entire array and over time. For example, it is 
desirable that any two pixel cells in the array return to the A/D converter as close to the 
same analog voltage value as possible if exposed to the same light conditions, despite any 
limitations placed on the image sensing circuit by the characteristics of the circuit 
elements, materials or processes. In order to achieve that aim, the performance of the 
sense and hold circuitry 130, also referred to as a sampling circuit, is crucial because it is 
responsible for measuring the output of the pixel circuit and transferring the result to the 
analog to digital converter. 
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A CMOS Image Sensor Pixel 

Figure 2 illustrates a circuit 200 which includes an individual CMOS 
image sensor pixel circuit 210. The CMOS image sensor pixel circuit has a reset 
transistor 230 connected between a supply voltage line 235 and a photo sensing node 
225, and a photo sensor element (photo-diode) 220 coupled between the node 225 and 
ground potential. The photo sensing node 225 is also connected to the gate of a source 
follower transistor 240. The source of transistor 240 is in turn coupled to a column 
output line 255 by way of a row select pass transistor 250. The reset transistor 230 is 
controlled by a RESET signal, whilst the row select transistor 250 is controlled by a ROW 
SELECT signal. Further, leakage current through the photo sensor element 220 is 
affected by the intensity of light which is incident thereon and which, in practice, may be 
controlled by a shutter arrangement or the like. 

As also illustrated in Figure 2, the column output line 255 provides the 
output of the CMOS image sensor circuit 210 to output processing circuitry, which in this 
case comprises a current source transistor 280 controlled by a bias voltage (Vbias) and a 
sample circuit 290. The sample circuit 290 as shown utilizes a differential amplifier 292 
which produces an output Vout representing a measure of the voltage change at the 
photo sensing node 225 during light exposure. The inputs to the differential amplifier 
292 are provided by first and second voltage holding circuits 294 (positive input) and 296 
(negative input). The first voltage holding circuit is controlled by a control signal 
SAMP J, and the second voltage holding circuit is controlled by signal SAMPJi. 



-11- 



03588.P005 



The CMOS image sensor circuit 210 operates in three principal phases: 
reset, integration, and read-out. These operational phases of the CMOS image sensor 
circuit are described briefly hereinbelow with reference to Figure 3 which displays the 
voltage at the photo sensing node 225 (i.e. at the gate of source follower transistor 240) of 
the CMOS image sensor circuit 210 during the operation of the CMOS image sensor 
circuit. 

Beginning with the Reset Phase indicated in Figure 3, the photo sensing 
node 225 is charged by reset transistor 230 to a reset voltage level using voltage source 
Vbd. However, the actual voltage level achieved at the node 225 at the completion of the 
Reset Phase is in fact Vrd minus the feed through effect voltage of the reset transistor 
230, Vfj. The resulting charged voltage level is referred to as the "reference black" 
voltage level (Vrb = Vdd - Vft). This phase of the operation can also be referred to as a 
"pre-charge" stage. 

The drain voltage Vrd supplied to the MOSFETs 230 and 240 is in this 
case less than the voltage Vdd used for the RESET on 230. If the drain voltage at 235 
were Vdd and 230 is an nMOS device, then the voltage at node 225 reaches (Vdd - Vr) 
with RESET = V DD . When RESET goes to GROUND potential the voltage at node 225 is 
then {Vdd - V T - Vpj). V T is the nMOS threshold voltage of 230 and Vft is the feed 
through voltage that results on node 225 when 230 is switched from "on" to "off*. This 
type of reset operation can be referred to as a "sub threshold reset" because at the time 
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RESET goes from V DD to GROUND, 230 is biased with a gate-source voltage, Vgs, that is 
at or below Vt- Sub threshold reset results in a much lower feed through effect because 
there is no charge in the channel of 230 when it is biased in sub threshold. The feed 
through effect in this case is caused only by parasitic capacitive coupling of the RESET 
signal to node 225. However, sub threshold reset has other problems resulting from the 
slow settling time at the photo sensing node when Vgs of 230 goes below Vt. 

To avoid the problems associated with sub threshold reset the reference 
voltage Vrd is used at 235, where Vrd is slightly less than (Vdd - Vt). This ensures that 
when the gate of 230 is pulled to Vdd, node 225 goes to exactly Vrd- In this case there is 
no Vt loss in the reset mechanism. This can be referred to as a "hard reset". Using hard 
reset, when the gate is at Vdd, transistor 230 is biased in the ohmic or linear regime; 
therefore, it has high conductance with respect to the sub threshold biased state and the 
settling time problems are avoided. However, hard reset increases the feed through effect 
because the channel of 230 is inverted with negative charge. The majority of this charge 
gets injected into the source (the photo sensing node) terminal when the device is turned 
off. The feed through effect for hard reset is much greater than for sub threshold reset; 
therefore, for the same relative mismatch in Vft for an array of pixels, the hard reset 
mode has more FPN. 

Following the Reset Phase the pixel circuit 210 is exposed to image 
forming light (e.g. through a structure of lenses and the like) during an Integration Phase 
indicated in Figure 3. The photons that strike the photo sensor element 220 during the 
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Integration Phase causes charge to leak through the photo sensor 220 from the charged 
node 225 to ground. The voltage level of the remaining charge on the photo sensor 220 is 
related to the number of photons that strike the photo sensor in such a way that the 
greater the intensity of light incident on the photo sensor, the more rapid the voltage drop 
which will occur at the node 225 during the integration phase due to light induced current 
leakage through the photo sensor 220. This leakage current is integrated on the parasitic 
capacitance at node 225 resulting in a rate of change in voltage at 225 proportional to the 
leakage current. Thus, during the integration phase the voltage level at the gate of the 
source follower 240 will drop. A white level, is reached as the photo sensor approaches 
the negative power supply potential (ground). A black level occurs, when no photons are 
integrated such that the photo sensor voltage essentially remains at the original reference 
black voltage level (Vrb = Vdd - Vt). 

In order to obtain an output from the pixel circuit, the row select transistor 
250 is activated to enable the source voltage level of the source follower transistor 240 to 
be measured using sample circuit 290. It is possible to accomplish that measurement in a 
number of different ways. One method that can be used for measurement of the photo 
sensor voltage involves a Correlated Double Sampling (CDS) circuit. A Correlated 
Double Sampling circuit operates by sampling the signal level to be measured at two 
different instants of time, in this case to determine the voltage level at the photo sensing 
node before and after light integration. However, timing considerations make it more 
convenient to in fact sample the photo sensing node voltage at the end of the integration 
phase of one cycle and before light integration of the next cycle. Therefore, the 
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integrated photo sensor voltage signal is sampled first. Then the CMOS image sensor 
circuit is reset for the next sensing cycle and the reset voltage is sampled for a reference 
black value. The desired signal is the difference between the integrated signal voltage and 
the photo sensor reset voltage. 

The sample circuit 290 shown in Figure 2 is a CDS circuit which is 
controlled by the two control signals SAMP I and SAMPR. In operation, the SAMP J 
signal is turned "on" and then "off' at the end of light integration to obtain an integration 
voltage sample V h and the SAMP R signal is turned on and off following reset to obtain a 
reset voltage sample V R . The output voltage then represents a measure of the change in 
voltage at the photo sensing node during light integration: Vout = V f - V R . 

As discussed hereinabove, the existing CMOS image sensor circuits have 
several known problems. One problem with existing CMOS image sensors is that slight 
differences between the transistors in the different CMOS image sensor pixels can cause 
fixed pattern noise in captured images. For example, transistor threshold voltage (V T ) 
differences between adjacent pixels will cause different voltage levels at the source of 
source follower (240 in Figure 2) for the same gate voltage, thereby creating fixed 
pattern noise within the CMOS image sensor. 

One difficulty caused by variations in threshold voltage is manifested in 
non-linear performance of the source follower transistor (240). The threshold voltage 
(V T ) is made up of two parts: a zero bias term and a bias point dependent term. The zero 
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bias term is, in part, process dependent. For example, the zero bias term is affected by 
the surface implant dose under the channel of the transistor. The voltage dependent term 
or body effect term, is a function of the back bias voltage between the source and body of 
the source follower transistor. As a result, the source follower transistor within each 
pixel circuit exhibits a linearity error, as the voltage on the photo sensor changes from the 
reset voltage to ground potential. Typically, the source follower transistor should have 
unity gain. However, body effect on the source follower and row select transistors will 
result in a changing gain level. Specifically, the gain of the source follower transistor 
will vary as the photo sensor voltage varies. This nonlinear gain behavior is an 
undesirable effect for a high performance image sensor. 

Another way in which threshold voltage variations result in undesirable 
performance characteristics of the image sensing circuit arises from the feed through 
effect of the reset transistor 230. Referring to Figure 3, the read-out phase of the image 
sensing circuit (using CDS) involves obtaining the voltage difference at the photo sensing 
node 225 at time instants tj (following light integration) and t 2 (during the reset 
condition). However the actual change in node potential brought about by the influences 
of light exposure would be obtained by measurements taken at time instants indicated at 
U and tj shown in Figure 3. Thus the desired signal and the CDS measured signal differ 
by the feed through voltage of the reset transistor 230. Differences in threshold and feed 
through voltage characteristics of reset transistors as between different pixel circuits can 
therefore also cause undesirable fixed pattern noise in the image sensing array. 
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CMOS Image Pixel Circuit Signal Sampling 

A preferred circuit structure of a CMOS pixel circuit and a sampling 
circuit therefor constructed according to the principles of the present invention is shown 
in functional form in Figure 4. The circuit 400 as shown in Figure 4 includes a pixel 
circuit 410 which would typically be an element in a two-dimensional pixel array as 
described above. The remainder of the circuit 400 is sensing and sampling circuitry 
which can be located at the bottom of a column of pixel elements in the array, to be 
shared by the pixel circuits in the column, although only a single pixel circuit is shown in 
the circuit 400. The particular pixel element in the column which is operatively coupled 
to the sampling circuitry is governed by control signals ROWJSEL on a line labeled 419. 

As in the case of the prior art pixel circuit described above, the pixel 
circuit 400 of the preferred embodiment has a reset switching element 414 connected 
between a voltage supply (Vrd) and a photo sensing node 416, and a photo sensor 
element 412 coupled between the node 416 and ground potential. The photo sensor 
element 412 may be a conventional photo diode as shown, a photo gate circuit, or any 
other circuit that translates light into a detectable voltage value. The photo sensing node 
416 is also coupled to the positive input of a feedback amplifier circuit 418. The 
amplifier circuit 418 is latched by the aforementioned ROWJSEL control signals 
provided on the control line 419 which is coupled to the Enable input (EN) of the 
amplifier circuit. Therefore, the amplifier circuit 418 does not substantially affect and is 
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not affected by the charge on the photo sensing node 416 until the particular pixel cell 
row is selected when a ROW SEL enable signal is supplied to the amplifier on line 419. 

As will become apparent from the description presented further 
hereinbelow (particularly with reference to Figure 6), not all of the circuit components 
which make up amplifier circuit 418 are physically located in the pixel circuits of the 
pixel array in a typical application. In order to minimize the number of elements in the 
pixel circuit, and therefore make the resolution of the pixel array better for a given size, 
as much as possible of the amplifier circuit is contained in circuitry that can be located at 
the bottom of a pixel array column and shared by the pixel circuits in that column. 

The circuit 400 of Figure 4 further includes a sample and hold circuit 420 
which is coupled to the amplifier circuit 418. The sample and hold circuit 420 is in fact 
coupled within the feedback loop of the amplifier circuit 418. The sample and hold 
circuit is controlled by an input signal SAMP,, which drives switching elements 422, 424 
and 426. Switching element 422 is connected at one side to the output of the amplifier 
circuit 418, and at the other side to a node at the gate of a pMOS source follower 
transistor 428. Coupled between the gate node of the transistor 428 and ground potential 
is a charge storage element (e.g. capacitor) 427, which performs the "hold" function of 
the sample and hold circuit 420. At the source of the source follower transistor is an 
output node 450 to which is also coupled a current source 429 supplying current from a 
voltage supply Vdd- 
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The aforementioned switching element 424 is connected between the 
output node 450 and the negative input (feedback) terminal of the amplifier circuit 418. 
The switching element 424 is constructed so as to be switched "on" by the control signal 
SAMP. The switching element 426, on the other hand, is constructed to be switched "off' 
by the control signal SAMP, and is coupled directly across the output and negative input 
terminals of the amplifier circuit 418. 

The feedback loop controlled by the SAMP signal determines the gain 
V450IV416 (i.e. the ratio of voltages at nodes 450 and 416). This is the "closed loop" gain 
and is ideally unity with SAMP "on". Various gain values can be employed for the 
amplifier 418 in accordance with the present invention, however a high gain value is 
preferable is this instance. A relatively high gain for the amplifier circuit 418 is 
advantageous because the source follower transistor 428 is coupled within the feedback 
loop. Accordingly, as will be recognized by those skilled in the art, non-linear effects of 
the source follower discussed above can be reduced by increased gain of the amplifier 
418, providing a beneficial performance enhancement of the pixel sampling circuit. 

The circuit 400 shown in Figure 4 further comprises an auto-zero 
clamping circuit 460 coupled to the output node 450. The auto-zero clamping circuit 460 
provides some benefits as compared to the sample circuit 290 employed in the prior art 
described hereinabove and illustrated in Figure 2. As shown in Figure 4, in the 
preferred implementation of the present invention, the clamping circuit 460 includes an 
auto-zero amplifier circuit 440 having its positive input terminal coupled to a reference 
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voltage Vref. The negative input terminal of the amplifier circuit 440 is coupled to the 
output node 450 by way of a charge storage element in the form of capacitor 430 (also 
labeled as capacitor Q). The output of the clamping circuit 460 (Voirr) is provided at the 
output of the amplifier circuit 440, and may in practice be coupled to provide input to a 
digital to analog converter or the like (refer to Figure 1). 

The clamping circuit 460 includes a feed back loop 442 connecting the 
output to the negative input terminal of the amplifier 440. The feedback loop comprises a 
switching element 444 connected in parallel with a charge storage element 446 (also 
labeled as C2). The state of switching element 444 is governed by a control signal 
CLAMP. 

The operation of the functional circuit represented in Figure 4 is described 
hereinbelow, having reference where appropriate to voltage waveform diagrams shown in 
Figure 5. By way of preliminary explanation, it can be seen that there are five voltage 
waveform plots shown in Figure 5, labeled RESET, Vphoto, SAMP, CLAMP and Vout- 
As will be readily apparent, the waveforms RESET, SAMP and CLAMP represent input 
control signals to the circuit 400 as described above, controlling the reset transistor 414, 
sample and hold circuit 420 and clamping circuit 460, respectively. These control signals 
may be supplied, in a practical implementation of the present invention, by control 
circuitry (not shown in the drawings) integrated on the same chip as the image sensing 
array and sampling circuitry, or from an external source if desired. The waveform 
labeled V photo in Figure 5 represents the voltage at the photo sensing node 416 of the 
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pixel circuit. The waveform labeled Vow represents the voltage at the output of the 
clamping circuit 460. 

Because the light sensitive portion of the circuit 400 is essentially the 
same as the prior art shown in Figure 2, the voltage waveform Vphoto also resembles that 
shown in Figure 3 and described above. The reset phase of the Vphoto waveform is 
initiated by a high level pulse signal on the RESET control line, as shown in the 
corresponding RESET waveform. This action pre-charges the photo sensing node 416 
(Figure 4) to the voltage supply level Vrd. Following the RESET signal pulse, the gate of 
the switching element 414, which in practice is an nMOS transistor, returns to a low 
potential (e.g. ground). This causes a voltage drop at the photo sensing node 416 as a 
result of the known feed through effect discussed hereinabove. This voltage drop can be 
observed on the Vphoto waveform as a decrease in potential by the amount of Vft 
following the high to low transition of the RESET signal. 

The function of the sample and hold circuit 420 and clamping circuit 460 
is to difference the voltage level at the photo sensing node following the integration phase 
and the voltage level after reset and the feed through effect, in order to determine the 
intensity of light which was incident on the pixel circuit during integration. This amounts 
to a correlated double sampling operation. 

The control signal CLAMP is turned "on" during the integration phase to 
"auto-zero" the clamping circuit amplifier 440. Turning on the CLAMP signal provides a 
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straight feedback connection to the amplifier 440, removing influence of the capacitor 
446. This causes the output Vout of the clamping circuit to drop to the reference voltage 
input level Vref* Whilst the CLAMP signal is on the control signal SAMP is also turned 
"on", near the end of the integration phase. With the SAMP signal "on" the source 
follower transistor 428 is connected in the feedback loop of the amplifier 418, and the 
capacitor 427 charges to the output voltage of the amplifier 418. The output of the source 
follower circuit is arranged to follow the voltage level at the photo sensing node 
(V photo)- 

The timing of the SAMP, CLAMP and RESET signals shown in Figure 5 
is arranged to also capture the feed through effect which occurs at the transistor switch 
422 of the sample and hold circuit. In order to achieve that, the SAMP signal is turned 
"off' at the end of the integration phase when the photo sensing node voltage has reached 
its final value. This results in a Vft voltage drop which is reflected in the output of the 
source follower. Then, before the RESET signal is turned "on", the control signal 
CLAMP is turned "off". With the switching element 444 open the output of the clamping 
circuit 460 {Vout) reacts to the voltage at the source follower output (node 450) in 
proportion to the ratio of capacitors Ci and C2, starting from a baseline of the reference 
voltage Vref- In particular, the output voltage can be expressed as Vout = Vref - 
(CilCi)Y 4 5Q, where V450 represents the voltage at node 450. The SAMP signal is 
therefore turned "on" again, which allows the clamping circuit output Vout to follow any 
voltage changes which occur at the photo sensing node 416. 
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Shortly after the end of the integration phase the RESET signal is activated 
to reset the pixel circuit for the next image acquisition cycle. This causes a jump in the 
voltage at node 416 from the integrated voltage level to the reset voltage level Vrd, and a 
corresponding proportional rise in the voltage across capacitor 427 and at output Vqut- 
Then, after the RESET signal is turned off, there is a feed through effect at transistor 414 
which results in a voltage drop at the photo sensing nose 416, Once again, a 
corresponding voltage drop occurs across the capacitor 427 and at output Vqut- Before 
the photo sensing node voltage significantly changes due to the next integration phase, 
the SAMP signal is turned "off', and another feed through effect voltage drop occurs due 
to switch 422. At this time the photo sensing node 416 is ready for the next integration 
phase and the voltage level thereat is Vrd less the feed through effect voltage drops of 
switches 414 and 422, which is the voltage required for accurate measurement of an 
integration voltage drop at the photo sensing node. By this time the output voltage Vqut 
has risen from the reference voltage Vref by an amount corresponding to the integration 
voltage drop at the photo sensing node for the previous integration phase. The previous 
voltage level is held by the capacitor 427, however, and the output Vour is therefore also 
held suitable for processing by analog to digital conversion or the like. Once the SAMP 
signal is turned "off' the next integration phase can begin at the pixel circuit without 
affecting the output signal Vqut- 

Referring particularly to Figure 5, the value Vaffis the quantity which is 
desired to be measured, corresponding to the difference in potential at the photo sensing 
node before and after light integration. The value V d ^h not affected by the feed through 
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effect voltage drops through the reset transistor and transistor switch 422. The actual 
output produced by the clamping circuit at the end of sampling measurement is Vout = 
Vref - V<iiff* (C1/C2X as illustrated in Figure 5. Because the quantities Vref and (Ci/C 2 ) 
are known constants, the output Vout provides the measurement desired of the correlated 
double sampling. 

The timing diagram of Figure 5 indicates several time instants to, ts, 
which are referred to below in a summary of the operations of the above described circuit 
and control signals: 

t 0 \ With the CLAMP signal "on" 460 is in auto-zero mode. SAMP is "on" so that V 4 so 
follows V416, which is the integrated signal voltage. 

tj: SAMP is turned "off' so that V450 is the integrated signal voltage plus any feed 
through from device 422. 

t2\ CLAMP is then turned "off' so that the feed through effect is captured in the auto- 
zero of 460, 

U\ RESET is initiated and SAMP is turned back "on". 

ti\ RESET is turned "off' resulting in a Vft drop at 416 and thus at 450 due to the 
feed through of 414. 

t 5 \ SAMP is turned "off' to capture the reference black level plus the feed through of 
422. 

It will be noted that the structure of the functional circuit shown in Figure 
4 provides several advantageous effects. One of the advantages is a greater degree of 
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linearity of performance compared to the prior art circuit discussed above. This is due to 
the use of the amplifier circuit 418 in place of a source follower which has inherently 
non-linear characteristics. Although a source follower transistor is used in the circuit 400 
(component 428), it is placed within the feedback loop of the (preferably high gain) 
amplifier 418, which correspondingly reduces the non-linear influences. The amplifier 
circuit 418 which is coupled to the photo sensing node has greater linearity of operation, 
which is advantageous, and can be constructed in such a way as to not significantly 
increase the area required for the pixel circuit, as is described more clearly below with 
reference to Figure 6. Furthermore, the image sensing and sampling circuit 400 allows 
the feed through effect of the reset transistor in the pixel circuit to be taken account of 
such that variations in the feed through voltage drop which may occur from one pixel 
circuit to another in a pixel array will not result in fixed pattern noise as in the prior art. 

This latter advantage is achieved by the way in which the circuit 400 is 
arranged to sample the voltage at the photo sensing node using correlated double 
sampling. The light integrated photo sensing node voltage value is "sampled" first, on 
the high to low transition of the CLAMP control signal with the SAMP signal high. The 
second "sample" occurs at the high to low transition of the SAMP control signal, which is 
timed to correspond to a period following the reset phase but before light integration of 
the next cycle. Thus, this sample is taken after the reset transistor feed through effect has 
occurred. The sampling and clamping circuitry effectively measures the change in 
voltage of the photo sensing node which occurs between turning the CLAMP signal "off" 
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and turning the SAMP signal "ofF\ The capacitor 426 stores the voltage change value 
after the SAMP signal is "off'. 

A CMOS circuit 600 is illustrated in Figure 6 which is an example of a 
practical circuit for implementation of the functional circuit 400 shown in Figure 4 and 
described above. The circuit 600 corresponds in function to the circuit 400, however the 
clamping circuit portion 460 of Figure 4 is not shown in the circuit of Figure 6. Of 
course a suitable structure for the clamping circuit portion 460 could be easily devised by 
a person of ordinary skill in the art. 

A pixel circuit 610 comprising part of the circuit 600 is indicated in 
Figure 6, including an nMOS reset transistor 614 and photo diode 612. The reset 
transistor and photo diode are coupled to a photo sensing node 616 in similar fashion to 
the pixel circuits already described herein. The photo sensing node 616 is also connected 
at the gate of a transistor 617 forming part of a differential input transistor pair 617 and 

618. The nMOS transistor 617 has its drain coupled to a supply voltage Vrd and its 
source coupled to the drain of a row select transistor 619. The row select transistor 619 is 
controlled by an input control signal ROW_SEL. A second of the differential input paired 
transistors 618, of nMOS construction, also has its source coupled to the drain of the row 
select transistor. Collectively the components consisting of transistors 614, 617, 618 and 

619, and photo diode 612 comprise a pixel circuit as may be replicated adjacent one 
another in two dimensions to form an image sensing array of the type described in 
relation to Figure 1. The remainder of the circuit 600 may conveniently be located at the 
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bottom of a column of pixel circuits in an array, for example, and shared by the 
individual pixel circuits in the column as controlled by the state of the ROWJSEL input to 
each pixel circuit. 

Several cascode transistor pairs forming current source loads are included 
in the circuit 600. One such cascode pair, 628, forms a negative current source load for 
the differential input transistor pair 617, 618, and is coupled between the source of the 
row select transistor 619 and ground. The cascode transistors pair 628 are controlled by 
respective inputs BIAS J and BIAS2 provided to the gates thereof Another cascode pair 
of nMOS transistors 630, similarly controlled by signals BIAS1 and BIAS2, are coupled 
between a node 623 and ground and are provided as a negative current source load for the 
output stage of the differential input transistor circuit. The node 623 corresponds to the 
output of the amplifier 418 of circuit 400. Also coupled to node 623 is a pMOS cascode 
transistor pair 626, which forms a positive current source load for both the input and 
output stages of the differential amplifier circuit. The cascode transistor pair 626 are 
controlled by respective inputs BIAS3 and BIAS4 provided to the gates thereof 
Connected intermediate of the two transistors in the pair 626 is the drain of the second 
differential pair transistor 618. 

A pMOS and nMOS transistor pair 622 are connected to one another in 
the form of a pass gate switching element coupled between the node 623 and the gate of 
the second amplifier transistor 618. The pass gate 622 is equivalent to the switching 
element 422 of the circuit 400, and is controlled at the pMOS transistor gate terminal by 
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the SAMP signal and at the nMOS gate terminal by an inverse of the SAMP signal. 
Another pass gate pMOS and nMOS transistor pair 634 is coupled between the node 623 
and the gate terminal of a pMOS source follower transistor 638. The pass gate transistor 
pair 634 corresponds to the switching element 422 of the circuit 400. The pass gate 634 
is controlled at the nMOS gate terminal by the SAMP signal and at the pMOS gate 
terminal by the inverse SAMP signal. 

The transistor 638 corresponds to the source follower 428 of circuit 400, 
and has its source terminal coupled to a node 650 which corresponds to the output node 
450 of circuit 400. Another cascode transistor pair 632 is coupled between the output 
node 650 and the supply voltage Vqd- The transistors of the cascode pair 632 are 
controlled by the respective inputs BIAS3 and BIAS4. The transistor pair 632 correspond 
to the current source 429 in the circuit 400 of Figure 4. 

A final pass gate transistor pair 624 is connected between the output node 
650 and the gate terminal of the second amplifier transistor 618. This pass gate transistor 
pair corresponds to the switching element 424 of circuit 400 and is controlled at the 
nMOS gate terminal by the SAMP signal and at the pMOS gate terminal by the inverse 
SAMP signal. 

The circuit 600 is completed by a MOS capacitor 636 which is coupled to 
the junction of pass transistor pair 634 with the gate terminal of source follower 638. The 
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MOS capacitor 636 performs the function of the capacitor storage element 426 in circuit 
400 (i.e. the "hold" portion of the sample and hold operation). 

From the description already given of the functional circuit 400 and the 
correspondence indicated between the components in Figure 4 and Figure 6, the 
operation of the circuit 600 will be readily apparent to those skilled in the art, and will not 
be reiterated here in the interests of succinctness. 

The advantageous effects will, however, be briefly repeated in the context 
of the circuit 600. As will now be appreciated, the high gain amplifier circuit with 
feedback loop which the circuit 600 employs to sense voltage at the photo sensing node 
of the pixel circuit enables greater linearity of operation than the source follower sensing 
circuit of the prior art. The pMOS source follower which is employed in the circuit 600 
is within the feedback gain loop of the amplifier circuit, and thus the non-linearity thereof 
is reduced by the gain of the sensing amplifier. 

A particular advance provided by the preferred embodiment of the present 
invention is the cancellation of the influence of the feed through effect of the reset 
transistor in the CMOS pixel circuit. This is achieved by the use of a sample and hold 
circuit, which is also constructed within the feedback loop of the sensing amplifier. The 
sample and hold circuit, involving pass gate switching elements 622, 624 and 634 and 
MOS capacitor 636 allows the light integrated voltage from the pixel photo sensing node 
to be held until after the next reset phase so that the second sample of the CDS can be 
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taken after the feed through effect of the reset transistor has taken place. This facilitates 
avoidance of a source of fixed pattern noise which has in the past degraded the image 
quality of CMOS image sensors. 

Whilst the clamp circuit amplifier 440 in Figure 4 and the corresponding 
structure in Figure 6 is a differential amplifier, alternative structures may also be used in 
accordance with the present invention. The differential amplifier accomplishes the 
clamping function, however a single-ended implementation can also perform the required 
functions. Figure 7 is a block diagram of a single-ended clamp circuit which may be 
utilized in performing the present invention. Figure 8 is a schematic circuit diagram of 
the single-ended clamp circuit. The single-ended clamping circuit is functionally the 
same as that shown in Figure 4 and described hereinabove, and thus the description will 
not be repeated and the operation of the circuit will be apparent to those of ordinary skill 
in the art. One subtle difference is that the input voltage at the gate of the transistor 
labeled Ml in Figure 8 is referenced to V DD in the single-ended design. This is the 
reason that a p-type MOS capacitor (rather than n-type) is used for the hold device 636 in 
Figure 6. The bottom plate of the pMOS capacitor is held at V DD so any V DD variation 
occurs at both terminals of Ci (Figure 4) resulting in good power-supply noise rejection. 

It will be recognized that it is possible to implement the feed through 
effect cancellation feature of the present invention using different voltage sensing circuits 
than the amplifier circuit which is described herein in connection with the preferred 
embodiment. Many different sensing circuits could alternatively be used, and indeed it is 
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feasible to use the simple source follower sensing circuit of the prior art in conjunction 
with the feed through effect cancellation sample and hold structure if that were desired. 
Of course using the simple source follower sensing structure would mean that the 
additional quality benefits of the high gain sensing amplifier are not obtained. It is also 
possible to derive some benefits of the present invention without the use of the sample 
and hold circuit. By using an auto-zero style differencing circuit for correlated double 
sampling in conjunction with a high-gain pixel loop, the major sources of non-linearity 
observed in the prior art can be eliminated; namely the source followers used as buffers 
in both the pixel and CDS circuits. 

Considering the embodiment of the invention shown in Figure 4 and 
described above, it is possible to operate the circuit in a way which disables the sample 
and hold block (420 in Figure 4). This requires holding SAMP on at all times and 
holding RESET on throughout the time that the clamp circuit output is used by other 
circuits (i.e. A/D). A functional circuit diagram of the sampling circuit with the sample 
and hold disabled is shown in Figure 9, accompanied by a voltage waveform timing 
diagram in Figure 10 which illustrates the circuit operation. 

From the foregoing description it will also be appreciated that, although 
circuitry constructed according to the principles of the present invention provide 
significant performance enhancements compared to the prior art, in the preferred 
embodiment the additional circuitry need not significantly increase the silicon area 
required by individual pixel circuits. The size of a pixel circuit can be an important 
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consideration, particularly where image sensing arrays of approaching or exceeding 
millions of pixel circuits on a single chip are contemplated. As explained above with 
reference to Figure 4 and Figure 6, most of the voltage sensing. and double correlated 
sampling circuitry does not need to be physically located within a pixel circuit cell, and 
can be shared by a column of pixel circuits. As can be readily ascertained from a 
comparison of the prior art pixel circuit 210 of Figure 2 and the pixel circuit 610 of 
Figure 6, the circuit of the preferred embodiment of the present invention has only one 
more transistor in the pixel circuit than the prior art pixel circuit. 

The image sensing and sampling circuit according to embodiments of the 
present invention can operate with or without the additional use of a mechanical shutter 
to control light exposure. Without a mechanical shutter, integration begins immediately 
after the reset transistor (e.g. 414 in Figure 4) is turned "off'. Therefore, without a 
mechanical shutter, the end of the reset phase defines the beginning of integration. 
Integration is a relatively slow process, whereby the voltage changes relatively slowly 
over time. So as long as the second CDS sample is taken very soon after the reset phase, 
very little integration will have occurred. Furthermore, although in the foregoing 
description the second CDS sample is referred to as being taken at the beginning of the 
following integration phase, that method of operation is not essential. For example, the 
following integration phase does not necessarily have to begin immediately after the end 
of the previous integration phase. The reset phase can be re-initiated after the SAMP 
signal has been turned off and the pixel can remain in the reset phase for as long as 
desired. 
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The foregoing detailed description of the present invention has been 
presented by way of example only, and it is contemplated that changes and modifications 
may be made by one of ordinary skill in the art, to the materials and arrangements of 
elements of the present invention without departing from the scope of the invention. For 
example, the CMOS image sensor circuit embodiments described herein are in the 
context of an N-Well CMOS Process Technology and utilize a photo diode sensor as a 
light sensing element. However, many variations of known technologies can be used to 
implement the CMOS image sensing and sampling circuits of the present invention. For 
example, a different process technology may be used to fabricate the CMOS image 
sensor circuits. Examples of other process technologies that may be used include nMOS, 
pMOS DRAM or Embedded DRAM, and P-Well CMOS Process Technology. 
Furthermore, the photo sensor can be implemented with a photo diode or photo-gate 
sensor. Also, as previously set forth, various different amplifier gain values may be used 
as appropriate. 
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